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NOMENCLATURE 


C, 

L 


N 

P 

o 

P 

s 

q* 

R 

S 

T 

T 


wing span, m (ft) 

wing chord measured paiallel to the plane of symmetry, m (ft) 

2 f h/2 - 

mean aerodynamic chord of the wing, ~ I c'dy, m (ft) 

k /) 
drag 


drag coefficient about the wind axis, 
lift coefficient about the wind axis, 


q S 

lift 

q S 


ro 


, , , , rolling moment 

lling-moment coerfxcient about the wind axis, “-r 

q bb 


pitching-moment coefficient about the wind axis. 


pitching moment 
q Sc 


, . . , . yawing moment 

yawmg-moment coefficient about the wind axis, 


side force 
q S 


side-force coefficient about the wind axis, 
static (wind off) axial force, N (lb) 
static (wind off) normal force, N (lb) 

resultant force, y/F^ + N (lb) 

lift fan rotational speed, RPM 

standard atmospheric pressure, N/m 2 (lb/ft 2 ) 

free-stream static pressure, N/m 2 (lb/ft 2 ) 

free-stream dynamic pressure, N/m 2 (lb/ft 2 ) 

lift fan radius, 0.457 m (1.50 ft) 

wing area, m 2 (ft) 2 

free-stream absolute temperature, K 

standard absolute temperature, 288.16 K 


static (wind off) normal force resulting from lift fan operating at 
o v = 0°, B y = 0°, N (lb) 

fan exit isentropic velocity, m/sec (ft/sec) 


iii 



free-stream air velocity, m/sec (ft/sec) 


angle of attack, deg 
angle of sideslip, deg 

lift fan exit louver geometric deflection angle; 0° in the direction to 
produce maximum thrust in the lift direction with a = 0°, = 0° 

P 

g 

static pressure ratio, p— 

o 

lift/cruise fan thrust deflector geometric angle; 90° in the direction 
to produce maximum thrust in the lift direction 

trailing-edge flap deflection measured normal to the hinge line, deg 

i F n 

static turning angle, tan~ A — , deg 

f a 

average downwash angle, deg 
static turning effectiveness 

T 

absolute temperature ratio, — 

v « ° 

fan-tip speed ratio, — 

lift fan exit lower cascade rotation geometric angle; 0° in the direction 
to produce maximum thrust in the lift direction 

ratio of ideal thrust with forward speed to static ideal thrust assuming 
isentropic expansion to ambient pressure 

fan rotational speed, rad/s 


Subscript 


u uncorrected 
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SUMMARY 


An invest igat ion was conducted in the NASA-Ames 40- by 80-Foot Wind 
'L’unnel, to determine the aerodynamic characteristics of a large-scale, VTOL, 
lift-fan, jet-transport model. The model had two lift fans at the forward 
portion of the fuselage, a lift fan at each wing tip, and two lift /cruise fans 
at the aft portion of the fuselage. All fans were driven by tip turbines 
using T-58 ga * generators. Results were obtained for several lift-fan, exit- 
vane deflections and lift/cruise fan- thrust deflections at zero sideslip. 
Three-component longitudinal data are presented at several fan-tip speed 
ratios. A Limited amount of six-component data were obtained with asymmetric 
vane settings. All of the data were obtained without a horizontal tail. 
Downwash angles at a typical tail location are also presented. 


INTRODUCTION 


The low-speed aerodynamic characteristics of large scale V/STOL models 
with the lift-fan and Lift/cruise-fan propulsive systems is being studied at 
NASA Ames Research Center. Previous large-scale studies conducted in the Ames 
40- by 80-Foot Wind Tunnel have investigated the aerodynamic characteristics 
and propulsion-system performance of fan-in-fuselage, fan-in-wing, and podded 
fan configurations. These studies are reported in references 1-13. Studies 
with lift/cruise fan configurations are reported in references 14-16. Refer- 
ence 16 reported on a large scale STOL transport model with two lift fans 
located side-by-side at the forward section of the fusel and two lift/ 
cruise fans located at the rear section of the fuselage. The thrust vectoring 
control of the front lift fans on this model was different from those previ- 
ously investigated. The exit louvers were canted and mounted to a rotatable 
ring to provide a greater thrust vectoring capability in both the longitudinal 
and lateral directions. The model for this study had two lift fans at the for- 
ward portion of the fuselage, a lift fan at each wing tip, and two lift/cruise 
fans at the aft portion of the fuselage. All of the fans were driven by tip 
turbines using T-58 gas generators. This model was derived from the four-fan 
model of reference 16 by reducing the wing span and by adding podded lift fans 
at the wing tips. An investigation in the Ames 40- by 80-Foot Wind Tunnel was 
undertaken to determine the low-speed aerodynamic characteristics and 
propulsion-system performance of this model. The longitudinal characteristics 
of the model are shown for several fan-tip speed ratios from 0.06 to 0.27. 

The test data in this report are presented without analysis. 



METHODS 


Model Description 

Photographs of the model mounted in the Ames 40- by 80-Foot Wind Tunnel 
are shown in figures 1(a) and (b). Geometric details and pertinent dimensions 
of the model are shown in figure 2(a). 


Fuselage 

The fuselage used in reference 16 was modified. This modification con- 
sisted of increasing the length of the fuselage nose section from 2.23 m 
(7.31 ft) to 2.87 m (9.41 ft) forward of the forward lift-fan centerline and 
adding an additional fuselage section 0.70 m (92.30 ft) in length between the 
wing and the lift/cruise fans. The fuselage had circular cross sections with 
a maximum diameter of 1.75 m (5.75 ft). The forward section of the fuselage 
contained two 0.91-m (3.00-ft) lift fans. This required a bulbous fairing 
around each fan inlet that tapered along the fuselage side to the wing leading 
edge. 


Wing 

The wing that was used in reference 16 was modified for this investiga- 
tion, and a pod housing a lift fan was installed on the tip. The resulting 
span measured to the pod centerline was 10.24 m (33.62 ft) compared with the 
original 13.65 m (44.80 ft). This modification reduced the aspect ratio from 
8.14 to 5.25 and increased the taper ratio from 0.233 to 0.420. The wing had 
a quarter-chord sweep of 22.6°, a dihedral of 3°, an incidence of 0°, and a 
NACA 65-412 airfoil section. 

A 0.22 C single-slotted trailing-edge flap extended from the fuselage to 
0.63 of the wing semispan and was deflected 30° throughout the Investigation 
as shown in figure 2(b). Also shown in figure 2(b) is the 0.07 C chord 
leading-edge slat, which extended from the fuselage to the wing tip and was 
deflected 20° during the entire investigation. Both of these high-lift devices 
were the same ones used in reference 16. 


Propulsion System 

The propulsion system coneisted of four lift fans and two lift/cruise 
fans driven by six T58-8B gas generators as shown in figure 2(a). The lift 
fans were General Electric X-376 lift fans with a fan diameter of 0.91 m 
(3.00 ft) and a design pressure ratio of 1.1. Two lift fans each were located 
at the forward fuselage section and at the wing tips. Two lift/crulse fans 
were located at the rear fuselage section behind the wing. Location and 
arrangement of the forward lift fans were the same as reference 16. Gas gen- 
erator inlets for these fans were relocated from the top of the fuselage 


2 



location of reference 16 to each side of the fuselage behind the fans. The 
arrangement and vertical location from the moment center of the lift/cruise 
fans and gas generators weie also the same as reference 16. The longitudinal 
location from the moment center increased an additional 0.70 m (2.30 ft) 
because of the fuselage length increase. All lift fans, including the wing- 
tip fans, rotated in a clockwise direction as viewed from the inlet. 

Four total-pressure rakes, consisting of six probes, were equally spaced 

downstream of the fan exit at each fan located on the right side of the model. 
A typical installation is shown in figure 2(c) with the probes spaced to pro- 
vide equal areas. Rake measurements were used to compute ideal velocities and 
thrusts assuming an isentropic expansion to ambient pressure. 

Forward-lift fans - Installation of these fans is shown in figures 2(c) 
and (d). The fans were mounted with the thrust axis canted 10® with respect 
to the horizontal plane. Thrust vectoring control was provided by a cascade 
of 14 0.114 m (0.37 ft) chord highly cambered exit vanes, which spanned the 

fan duct exit. The vane details are shown in figure 2(e). These vanes were 

mounted to a manually rotatable ring in the 40° canted plane. The cascade 
ring rotation angle of 0° (o y =0°) was defined when the vane spans were par- 
allel to the model plane of symmetry. Rotation of the ring in the direction 
giving positive thrust vectoring was defined as positive o . The cascade 
ring-rotation angles ranged 0® to 90®.# The exit vanes deflection (6 V ) was 
changed remotely and varied -16° to +16°, about the maximum direct-lift posi- 
tion. The fan exit louver angle of 0° (8 V = 0°) was established with one fan 
operating and by trimming the side force to zero with the fan speed 3600 RPM 
at a * 0®, o y * 0°, and forward speed ■ 0. The fan inlets were the same as 
the modified inlets described in reference 16. 

Wing-tip lift fans- A lift fan was installed in a pod located at each 
wing tip. The fan inlet was bellmouth-shaped, and the pod details are shown 
in figure 2(f). The fans were mounted with the thrust axis canted 10° with 
respect to the horizontal plane. Thrust vectoring control was the same as 
described for the forward lift fans using the same exit vane design as shown 
in figure 2(e). The vanes were mounted to a manually rotatable ring in the 
31.2°-canted plane. The definitions of o y * 0° and 8 V ■ 0° were the same 
as the forward lift fans. 

Lift/cruise fans- The two aft fans were mounted in cruise pods as shown 
in figure 2(g). The fan exhaust was deflected through ducts for thrust vec- 
toring. The duct angles used during the investigation were 23®, 56°, and 90®, 
with 90® in a direction to provide maximum direct lift. The exhaust nozzle 
area was sized to accommodate both fan and tip turbine flows. 


Corrections 

The model meets the geometric criteria of reference 17 for small correc- 
tions resulting from wind tunnel walls. The results are therefore presented 
uncorrected and may be corrected as the user desires. 
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Because the tail strut fairing was off throughout the investigation, drag 
and moment tares resulting from the exposed tail scrut and the main strut tips 
have been applied to the data. 

Data obtained without the lift fans operating (power off) were corrected 
as follows: 


a * a + 0.467 C, 
u L u 

C D " C D + °* 0081 C L 2 


C 


m 



Testing and Procedure 

The installed static fan thrust data were obtained at o ■ 0° with for- 
ward speed * 0. The variations of thrust with fan speed were obtained for the 
forward lift fans and the wing-tip fans at 0 y * 0° and o y * 0®. The fans 
were operated in pairs and individually. When 3 y was varied at a constant 
o y value, thrust measurements were taken with two fans operating together at 
a constant minimum fan speed of 3600 RPM. Thrust measurements for the lift/ 
cruise fans were obtained with both fans operating at 6 cn ■ 23®, 56®, and 90® 
at several fan speeds. Data were also obtained with each of the lift /cruise 
fans operating alone at 6 - 90®. 

CD 

In most cases, longitudinal force and moment data were obtained at sev- 
eral forward speeds and angle of attacks with all fans operating at a minimum 
speed of 3600 RPM. Several o y and 0 y settings were tested at 6 cn - 23®, 

56® and 90® by using the same settings at both the forward and the wing-tip 
fans. The B y settings were varied from -16 to 16® when a ■ 0® and were 
set to 0® when a was varied -4 to 20*. The trailing-edge flap was deflected 
30®, and the horizontal tail was off throughout the investigation. 


RESULTS 


The relationship between velocity ratio (V^/V j) and fan-tip speed ratio 
la shown in figure 3. The fan static thrusts and the basic aerodynamic data 
are presented in figures 4-19. An index to these data is given in table 1. 

The variations of measured fan thrust with fan RPM at forward speed ■ 0 are 
shown in figures 4(a), (b), and (c) for the forward-lift fans, wing-tip lift 
fans, and the lift/cruise fans, respectively. Figure 5 presents the ratio of 
the measured static resultant fan thrust to the ma xim u m fan vertical lift as 
a function of fan exit louver deflection angle (0 y ) for the front and wing-tip 
lift fans. The variations of the fan exhaust static turning angle with the 
lift fan exit louver deflection and with the lift/cruise fan deflector are 
shown in figures 6 and 7, respectively. The turning efficiency of the lift/ 
cruise fan deflector is also shown in figure 7. The lift/cruise fan thrust 
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value at 5 cn = 0° was obtained from reference 16. The variations of ideal 
thrust with forward speed to static ideal thrust ratio with fan-tip speed 
ratio are shown in figures 8(a)-(c) for the forward lift fan, wing-tip fan, 
and the lift/cruise fan. These fans were located on the right side of the 
model. 

Figures 9-15 show the variation of the longitudinal characteristics of 
the model with fan tip-speed ratio at a = 0°. The variation of the longi- 
tudinal and the lateral characteristics of the model with fan-tip speed ratio 
is shown in figure 16 with asymmetrical deflections of g between the left 
and right wing-tip fans. The longitudinal characteristics of the model with 
variable angle-of-attack are shown in figures 17-20. Figure 17 shows the 
longitudinal characteristics of the model with the lift/cruise fans windmill- 
ing and with the forward and wing-tip lift fans inoperative. Figures 18-20 
show the longitudinal characteristics of the model at several fan-tip speed 
ratios with all fans operating. 

The variations of the averaged downwash angle with angle of attack are 
shown in figures 21, 22, and 23 with 6 cn * 90°, 56° , and 23°, respectively. 
Figure 24 shows the variation of the averaged downwash angle with 8 v at 
a * 0°. The downwash angles were obtained from the measurements of the direc- 
tional pressure probes that were located near the top of the vertical tall as 
shown in figure 2(a). 
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(a) Three-fourth front view. 

Figure 1.- Photographs of the model mounted in the Ames 40- by 80-Foot 

Wind Tunnel. 
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(b) Leading- and trailing-edge high-lift devices. 
Figure 2.- Continued. 
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(C) Forvard lift ft. and „ lt w 
Figure 2.- Continued. 
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Figure 2.- Continued. 











Figure 2.- Concluded. 









(b) Wing- tip f M , ^ . 0 . f ^ 
Figure A.- Continued. 
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Figure 5.- Variation of static resultant fan thrust to maximum static fan-lift 
(°v “ 0 # » By " 0°) ratio with fan exit-lower-deflection angle; 
fan RPN - 3600. a - 0°. 












Figure 7.- Variation of static turning and static turning efficiency with 

lift/cruise fan exhaust duct angle. 
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Flgur. 8.- Variation ot “aaltKru.t with forvard apaad to Waal static thrust 

ratio with fan-tip speed ratio. 
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Figure 9.- The variation in longitudinal characteristics with tip-speed ratio; 
wing-tip lift fans only, By ■ 0% forward lift fan inlets covered, 

«cn " *>% «f " 30% a u - 0°. 







Figure 10.- The varietion in longitudinal characteristics with tip speed 
retlo; all fans operating, o v » 0% $ cn - 90*, - 30*, <* u ■ 0*. 
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(a) Ct variation tilth p. 
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Figure 12.- The variation in longitudinal character iatica with tip apeed 
ratios; all fans operating, B v - 0*, 6 cn - 90*. 6 f - 30*, « u - 0*. 
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(a) C L variation with p, 8 y ■* 0°. 

Figure 14.- The variation in longitudinal characteristics with tip speed 
ratios; all fans operating, 6 cn * 56° , • 30°, <* u ■ 0®. 











Figure 14 .- Continued. 
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Figure 14.- 


Continued. 
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(h) C D , C b variation with ji, B v - 8‘ 


Figure 14.- Continued. 
















.op Jt js jo. 

: JL.1..L 

variation with u» 8 V • 16°. 


Figure 14.- Concluded. 
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(a) C L variation with y. 

Figure 15.- The variation in longitudinal characteristica with tip speed 
ratios; all fans operating, - 0*. 6_ - 23V i* - 30V « . n* 
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(b) C_, C variation with u. 
u m 

Figure 15.- Concluded. 
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(a) C T , C_, C variation with p. 
l u m 


Figure 16.- The variation in longitudinal and lateral characteristics with 
tip speed ratio; all fans operating, o * 0°, forward lift fan 6 ■ 0®, 

6 cn “ 90 °» 6 f * 30 °» ° u “ 0*. V V 
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Figure 19 .- Continued 
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Figure 21.- Variation of downwash angle with a for cftnstant o values at 
forward and wing-tip lift fans; 6 cn ■ 90°, 6 y ■ 0®. V 






























